We discuss the consequences of the approximate conservation of the vector and axial currents for the hadronic matrix elements appearing in β decay if non-standard interactions are present. In particular the isovector (pseudo)scalar charge g S(P ) of the nucleon can be related to the difference (sum) of the nucleon masses in the absence of electromagnetic effects. Using recent determinations of these quantities from phenomenological and lattice QCD studies we obtain the accurate values gS = 1.02(11) and gP = 349(9) in the M S scheme at µ = 2 GeV. The consequences for searches of non-standard scalar interactions in nuclear β decays are studied, finding ǫS = 0.0012(24) at 90%CL, which is significantly more stringent than current LHC bounds and previous low-energy bounds using less precise gS values. We argue that our results could be rapidly improved with updated computations and the direct calculation of certain ratios in lattice QCD. Finally we discuss the pionpole enhancement of gP , which makes β decays much more sensitive to non-standard pseudoscalar interactions than previously thought. PACS numbers: 23.40.Bw,12.38.Gc,14.20.Dh In pure QCD, the charged d → u transitions induce approximately conserved vector and axial currents,
with m u,d the respective light-quark masses. These equalities are a particular case of the venerable "conservation of the vector current" (CVC) and "partial conservation of the axial current" (PCAC) relations, which are derived from globalsymmetry considerations [1] [2] [3] and have become a cornerstone for model-independent approaches to the structure and interactions of hadrons [4, 5] . A straightforward application of CVC and PCAC concerns the derivation of relations between different hadronic matrix elements of local quark bilinears, or equivalently, relations between the associated form factors. These techniques are customarily used in meson decays to reduce the number of independent form factors required for the description of the hadronic structure of the process (see e.g. [6] for kaon decays). A well-known application of PCAC to nucleon matrix elements is the Golberger-Treiman relation between the (strong) πN coupling and the (weak) nucleon axial coupling g A [7] [8] [9] .
As shown in the next section, similar relations can be established between the well-known isovector (axial)vector charges g V (A) of the nucleon and their (pseudo)scalar counterparts g S(P ) [52] . The latter are needed to describe nuclear and neutron β decays if non-standard (pseudo)scalar interactions are present [10] [11] [12] [13] , and they currently are subject to intensive research mainly through lattice QCD (LQCD) calculations [14, 15] . These investigations are of crucial importance to assess the implications of precise β decay measurements to constrain new physics, since the larger g S(P ) are, the larger their sensitivity to exotic (pseudo)scalar interactions is.
To make things more interesting, it turns out that the nucleon mass splitting in the absence of electromagnetism δM QCD N ≡ (M n − M p ) QCD is a necessary input for the calculation of the scalar charge g S . Actually, the isospin corrections to the hadron masses, and in particular to the nucleon mass, are starting to receive much attention. While phenomenological determinations are being revised [16] , different lattice collaborations have embarked on the ab initio computation of these effects in pure QCD [17] [18] [19] or even including QED [20] [21] [22] [23] [24] [25] [26] .
Therefore, chiral symmetry provides a neat connection between these two seemingly unrelated nonperturbative quantities. We show how this can be exploited for translating recent calculations of δM QCD N into a precise determination of the scalar charge, which subsequently is used to extract a stringent bound on non-scalar scalar d → u transitions from β-decay data. Inversely, we discuss the implications that recent LQCD calculations of the scalar charge have on the isospin breaking effects in the nucleon mass. Finally, we study the pion pole enhancement of g P and explore its impact on the β decay phenomenology.
I. FORM FACTORS IN β DECAY
The theoretical description of neutron β decay within the Standard Model (SM) requires the calculation of the vector and axial hadronic matrix elements, that can be decomposed as follows [27] 
where u p,n are the proton and neutron spinor amplitudes, M N the average nucleon mass and q the difference between the neutron and the proton momenta, q = p n − p p . The vector and axial charges, g V and g A respectively, are responsible for the leading contributions to the decay rate due to the relatively small energies (q 2 ≃ 0) involved in the process. We have g V = 1 up to second order isospin-breaking corrections due to the Ademollo-Gatto theorem [28] , whereas the axial charge has been accurately measured in β decays, g A = 1.2701(25) × g V [29] assuming that potential new physics contributions can be neglected. Lastly, the sub-leading contributions coming from the so-called "induced" form factors g i are known in the limit of isospin symmetry, a safe approximation at the current level of experimental precision, as discussed in detail in Ref. [12] . The description of nuclear β decays requires the introduction of the Fermi and Gamow-Teller nuclear matrix elements that play an analogous role to g V and g A in the neutron decay.
If non-standard (pseudo)scalar interactions are present we need to introduce the following matrix elements in the theoretical description
whereas a tensor interaction would introduce an additional hadronic matrix element which is not relevant for our discussion [12] . We can see in Eqs. (5)- (6) how the size of the (pseudo)scalar charges modulates the sensitivity of β decay experiments to non-standard (pseudo)scalar interactions. It is worth noticing that the pseudoscalar bilinearū p γ 5 u n is itself of order q/M N , what suppresses the contribution of a pseudoscalar interaction [30] . However, we show later how this suppression is partially compensated by an enhanced value of g P .
II. RELATION WITH THE ISOSPIN BREAKING CONTRIBUTION TO THE NUCLEON MASS
Using the CVC result of Eq. (1) in combination with the above-given definitions of the form factors appearing in β decay, it is straightforward to derive
where δm q = m d − m u and once again δM QCD N is the difference of neutron and proton masses in pure QCD due to the explicit breaking of isospin symmetry in the up/down quark masses (m u = m d ). Notice that the contribution due to electromagnetic effects δM QED N is of the same order of magnitude as δM QCD N , and so the experimental value cannot be used. The inclusion of QED in the analysis would modify the CVC relation given in Eq. (1) introducing a correction proportional to α e.m. . In fact, the extra term in this case, e p(p p )|ūA / d|n(p n ) , accounts for the (nonperturbative) electromagnetic correction to the nucleon mass difference.
In the limit q 2 → 0 the expression (7) reduces to
up to second order isospin-breaking corrections. Notice that the renormalization-scale and scheme dependence of the light quark masses and g S is the opposite, in such a way that the dependence in the scalar charge counterbalances the running of ǫ S [12, 31] rendering the observable quantity ǫ S g S scale independent. Throughout this paper we use the M S scheme at µ = 2 GeV for both the (pseudo)scalar charges and the light quark masses. Likewise, using PCAC in Eq. (2) one can obtain the following relation
with m q is the average light-quark mass and where we have dropped the "QCD" subindex in the average nucleon mass, since, in this case, all isospin breaking contributions represent small corrections and we can just use the experimental value of the nucleon masses. At zero momentum transfer q 2 → 0 this expression reduces to
where considerations similar to those for the scalar charge regarding the renormalization apply. Before discussing the phenomenological applications of these relations, let us mention that they have been discussed previously in the context of electric dipole moments [32] [33] [34] , where one encounters isospin rotations of the hadronic matrix elements of β decay.
III. NUMERICAL ANALYSIS
The determination of the scalar charge through the abovederived relation requires the knowledge of the light-quark mass difference δm q , and its contribution to the nucleon mass splitting, δM QCD N . Interestingly enough, these quantities and, more broadly, the understanding of the interplay between isospin breaking due to the quark masses and electromagnetic effects, have become a topic of very intensive research. On the one hand, the classic phenomenological determination of the QED contributions to δM N = M n − M p using the Cottingham's sum rule [36, 37] has been recently updated [16] , leading to the value δM QED N = −1.30(3)(47) MeV. In addition, the uncertain knowledge on the isovector magnetic polarizability of the nucleon has been singled out as the major source of uncertainty. Experimental prospects for measuring this observable [38, 39] will presumably improve the accuracy of the phenomenological extraction of δM QED N in the future [16] . We list in the first row of Table I the result on δM QCD N obtained using the current determinations in combination with the experimentally measured δM N = 1.2933322(4) MeV [29] .
On the other hand, LQCD collaborations are starting to implement isospin breaking effects [17] [18] [19] or even directly simulating QED together with QCD [20] [21] [22] [23] [24] [25] [26] (for a recent review see ref. [40] ). In addition to the calculation by the NPLQCD collaboration in 2006 [17] , we consider in our analysis five new determinations reported in the last two years by QCDSF-UKQCD, [18] , Shanahan et al. [19] , RM123 [24] (N f = 2) and BMW [25] collaborations. Their results are listed in Table I and shown in Fig. 1 , where the good agreement among them is clearly seen. The additional determination by Blum et al. [22] yielded δM QCD N = 2.51(14) MeV (statistical error only), but given the absence of an estimate of systematic errors it has not been included in our subsequent numerical analysis. We do not consider either the results obtained in quenched LQCD by Duncan al. in their seminal work [21] .
We combine in quadrature the statistical and systematic errors quoted for each determination, and we obtain from these six determinations the following weighted average Table I , along with the average performed in this work (gray shaded band).
The other ingredient needed to calculate the scalar form factor using Eq. (8) is the difference of up and down quark masses. This quantity is usually not quoted by the averaging collaborations, but it can be calculated from the m u,d averages assuming that the correlation between them can be neglected. In this way we obtain δm q = 2.52(19) MeV (FLAG) [35] and δm q = 2.55(25) MeV (PDG) [29] , where the errors have been added in quadrature.
Using the result of the FLAG collaboration for the quark mass difference, and the above-given average for the nucleon mass splitting in pure QCD, the CVC relation given in Eq. (8) yields
where the errors stemming from δm q and δM QCD N are first shown separately and then added in quadrature. Notice how the former gives a sizable contribution to the total uncertainty.
It is worthwhile stressing that our result for g S has been obtained ignoring possible correlations between numerator and denominator of Eq. (8), as we did when calculating the quark mass difference. These assumptions would be unnecessary in a direct LQCD calculation of the ratio δM QCD N /δm q , which should be fairly simple to implement in future LQCD analyses.
This determination of g S is significantly more precise than direct LQCD calculations available in the literature. The LHPC finds g S = 1.08(32) [15] , whereas the PNDME collaboration has recently published the result g S = 0.66(24) [14] , which supersedes their original preliminary estimate g S = 0.8(4) [12] . Inversely, these calculations provide independent determinations of δM QCD N . By using again Eq. (8), we obtain the two points shown in the lower part of Table I and Fig. 1 , corresponding to the value of g S obtained by the LHPC and the last one reported by the PNDME collaboration. We see that these determinations are starting to have an accuracy close to the direct calculations of δM QCD N and that the result from the PNDME collaboration marginally disagrees with the average in Eq. (11) .
Likewise, the application of PCAC through Eq. (10) yields the following result for the pseudoscalar charge
where the error is entirely dominated by the error in m q = 3.42(9) MeV, value that is taken from the N f = 2 + 1 FLAG average [35] . Notice the large enhancement experienced by this form factor that diverges in the chiral limit. This effect is due to the pole of a charged pion present in the coupling of a pseudoscalar field to the d u vertex in QCD at low energies. In fact, this result is equivalent to the Goldberger-Treiman relation in which the pseudoscalar current serves as an interpolator of the pion field and g P (q 2 ) is expressed as a function with a pole at q 2 = M 2 π , whose residue is defined as the strong pion-nucleon coupling (see e.g. Ref. [8, 9] for details).
IV. IMPLICATIONS FOR NEW PHYSICS SEARCHES IN β DECAYS
Given the V-A structure of the weak interaction, the (pseudo)scalar hadronic matrix elements of Eq. (5)- (6) do not appear in the SM description of β decays. However the contribution due to new physics, like the coupling of a heavy charged scalar to first generation fermions, would require the calculation of these matrix elements. Such non-standard interactions can be described by a low-energy effective Lagrangian for semi-leptonic d → ueν transitions [41, 42] , where the scalar and pseudoscalar interactions are described by the following terms:
Here ν e , e, u, d denote the electron neutrino, electron, up-and down-quark mass eigenfields, whereas ǫ S and ǫ P are the Wilson coefficients generated by some unspecified non-standard dynamics. Notice we do not consider interactions involving right-handed neutrinos, that in any case would not interfere with the SM contributions, making their impact on the observable substantially smaller [42] . Moreover, and for the sake of simplicity we will assume in this work that the Wilson coefficients ǫ S,P are real, corresponding to CP-conserving interactions.
A. Scalar interaction
The most stringent limits on non-standard scalar interactions obtained from β decays arise from the contribution of the Fierz interference term to the F t-values of super-allowed pure Fermi transitions [43] , namely
Alternative bounds on scalar interactions can be also obtained from the measurement of the βν angular correlation a in pure Fermi transitions, also through the Fierz term. Although several on-going and planned experiments will improve the current measurements of a, it seems unlikely that they will be able to improve the bound given in Eq. (15) in the near future [44] . On the other hand, the Fierz term in neutron β decay is also sensitive to scalar interactions, although the level of precision required to compete with the bounds from nuclear decays looks also quite challenging, at least for the current generation of experiments [12] . Given the experimental measurement of Eq. (15) and the value of the scalar form factor derived in the previous section, we can determine the current bound on ǫ S from β decays. Following Refs. [12, 42, 44] we calculate the confidence interval on ǫ S using the so-called R-Fit method [45] . In this scheme the theoretical likelihoods do not contribute to the χ 2 of the fit and the corresponding QCD parameters take values within certain "allowed ranges". In our case, this means that g S is restricted to remain inside a given interval, namely 0.91 ≤ g S ≤ 1.13 from Eq. (12) . Notice that all values inside this range are treated on an equal footing, whereas values outside the interval are not permitted. Also note that the bound on ǫ S depends only on the lower limit of the scalar form factor, as long as b F is compatible with zero at 1σ.
In this way we obtain the following limit on CP-conserving scalar interactions
which, as it is shown in Fig. 2 , improves significantly the bound obtained in Ref. [12] using g S = 0.8(4). Fig. 2 shows also the ǫ S bound that we obtain using the later LQCD calculations of g S done by the LPHC [15] and PNDME [14] collaborations. It is worth mentioning that if we abandoned the R-fit scheme and treated g S as a normally distributed variable we would obtain ǫ S = 0.0011(21) at 90% CL, in good agreement with the R-fit result of Eq. (16). The LHC searches can also be used to set bounds on ǫ S and ǫ P . This can be done in a model-independent way if the new degrees of freedom that produce the effective scalar interaction in β decays are also too heavy to be produced on-shell at the LHC, since in that case it is possible to study collider observables using a high-energy SU (2) L × U (1) Y -invariant effective theory that can be connected to the low-energy effective theory of Eq. (14).
In Fig. 2 we show the most stringent bound on ǫ S from LHC searches, obtained in Ref. [44] studying the channel pp → e + MET + X, where MET stands for missing transverse energy. More specifically, a CMS search with 20 fb −1 of data recorded at √ s = 8 TeV [46] , was used to obtain |ǫ S,P | < 5.8 × 10 −3 at 90% CL . Notice that these searches are equally sensitive to scalar and pseudoscalar interactions.
B. Pseudoscalar interaction
In the study of the effect of non-standard interactions in nuclear and neutron β decays, it is common lore that the pseu- doscalar terms can be safely neglected in the analysis because the associated hadronic bilinearū p γ 5 u n is of order q/M N , which represents a suppression of order ∼ 10 3 . However, we showed in the previous section how the application of PCAC yields g P = 348(11) for the pseudoscalar charge, reducing considerably the suppression from the pseudoscalar bilinear. This result means that, modulo numerical factors of order one, β decays with a non-zero Gamow-Teller component, are as sensitive to pseudoscalar interactions as they are to scalar and tensor couplings.
As a representative example we show here the leading contribution of a non-zero pseudoscalar interaction to the electron energy spectrum in the β decay of an unpolarized neutron
where E e and p e denote the electron energy and the modulus of the three-momentum,
is the electron endpoint energy and m e is the electron mass. (For sub-leading SM effects see Refs. [12, 47] ). The nonstandard contribution δ P coming from a non-zero effective coupling ǫ P is given by
where the factor (E 0 − E e )/M N represents the abovediscussed suppression from the pseudoscalar bilinear. For the sake of comparison, we show now the (well-known) correction stemming from a scalar coupling ǫ S
In the best case E e = m e we have then δ P ≈ −0.06 ǫ P and δ S ≈ 0.36 ǫ S , and the pseudoscalar contribution is only a factor 6 smaller than the scalar one. This is certainly an interesting result that deserves more detailed studies, in particular related to the sensitivity of current and future β decay measurements to ǫ P . We hasten to add that the this coupling happens to be very strongly constrained by the helicity-suppressed ratio R π ≡ Γ(π → eν[γ])/Γ(π → µν[γ]) [48] [49] [50] . It should be noticed, however, that there are some possible loopholes in the bound from leptonic pion decays, like the cancellation of effects between the electron and muon channel in R π due to an ǫ P coupling proportional to the lepton masses, or cancellations between linear and quadratic terms originated from flavor non-diagonal contributions or interactions with right-handed neutrinos [10, 12, 51] . In this sense, the extraction of bounds on the effective pseudoscalar coupling ǫ P from β decays paves the road for studying these scenarios.
V. CONCLUSIONS
In summary, we have discussed the application of the CVC and PCAC relations of QCD to connect different form factors describing β-decays in the SM and beyond.
On one hand, we found that CVC relates the scalar charge g S to the vector charge g V ≈ 1, the isospin breaking of the nucleon mass in pure QCD and the mass splitting m d − m u . Using a set of recent phenomenological and LQCD determinations of these quantities we obtained a value for g S with an uncertainty much smaller than the one reported by direct LQCD calculations of this form factor, cf. Eq. (12) . In turn, we discussed the consequences of this novel determination to the bounds set on non-standard scalar interactions from β-decays, finding the limit on ǫ S given in Eq. (16) , which is much stronger than in previous analyses of β-decays or than those currently obtained from the LHC.
On the other hand, PCAC relates the pseudoscalar charge g P to the axial-vector one g A , and the sums of the nucleon and quark masses. We found that g P is enhanced by the pion pole, counterbalancing the suppression that the contribution of ǫ P to the β decay suffers from the pseudoscalar quark bilinear. This opens the possibility to investigate scenarios with exotic pseudoscalar contributions that cannot be probed with leptonic pion decays.
